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$EVWUDFW
6XVWDLQDELOLW\ LQ FRQVWUXFWLRQ LQGXVWU\ KDV EURXJKW QHZ PDWHULDOV WR EH XVHG DV D ZDOO HOHPHQW LQ EXLOGLQJ FRQVWUXFWLRQ LQ
0DOD\VLD :RRGZRRO FHPHQW FRPSRVLWH SDQHO ::&3 LV WKH ZRRG EDVHG SURGXFW ZKLFK PDQXIDFWXUHG IURP UHQHZDEOH
UHVRXUFHVOHVVHPERGLHGFDUERQHPLVVLRQOLJKWZHLJKWHDV\WRSURFHVVDQGIDEULFDWHDQGDYDLODEOHWRWKHFRQVWUXFWLRQLQGXVWU\WR
UHSODFHOHVVHFRIULHQGO\PDWHULDOVVXFKDVFRPPRQEULFNDQGRWKHUPDVRQU\HOHPHQW,Q0DOD\VLDWKHUHDUHLQFUHDVLQJLQWHUHVWLQ
XVLQJ ::&3 DV D ZDOO HOHPHQW LQ EXLOGLQJ FRQVWUXFWLRQ KRZHYHU WKH VWUXFWXUDO SHUIRUPDQFH XQGHU LPSRVHG ORDG DQG WKH
LQVWDOODWLRQ WHFKQLTXH XVLQJ WKLVPDWHULDO VWLOO QRWZHOO HVWDEOLVKHG7KHUHIRUH WKLV VWXG\ DLPV WR LPSURYH WKH VXVWDLQDELOLW\ LQ
EXLOGLQJ FRQVWUXFWLRQZLWK WKH GHYHORSPHQW RI QHZSUHIDEULFDWHGZDOO FRQVWUXFWHG XVLQJZRRGZRRO FHPHQW FRPSRVLWH SDQHO
7ZRW\SHVRIIDEULFDWLRQWHFKQLTXHVDUHFRQVLGHUHGLQIDEULFDWLQJSUHIDEULFDWHGZDOOHWWHVZLWKGLPHQVLRQRIPP[PP
  PP 7KH ZDOOHWWHV W\SH : LV WKH FXUUHQW SUDFWLFHG WHFKQLTXH PHDQZKLOH ZDOOHWWHV W\SH : LV WKH QHZ SURSRVHG
IDEULFDWLRQ WHFKQLTXH 7KUHH UHSOLFDWHV RI HDFK W\SH RI ZDOOHWWHV ZHUH WKHQ WHVWHG XQGHU D[LDO FRPSUHVVLRQ ORDG LQ RUGHU WR
LQYHVWLJDWHWKHLUVWUXFWXUDOSHUIRUPDQFH7KHUHVXOWVRIH[SHULPHQWDOWHVWLQJVKRZHGWKDWWKHZDOOHWWHVIDEULFDWHGXVLQJWKHQHZ
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,QWURGXFWLRQ
1RZDGD\V VXVWDLQDELOLW\ LQ FRQVWUXFWLRQ LQGXVWU\ EHFRPLQJ LPSRUWDQW DV SHRSOH ORRN DW ZD\V WR UHGXFH WKH
HQYLURQPHQWDOGHVWUXFWLRQ,WLVFOHDUWKDWWKHGHYHORSPHQWRIFRQVWUXFWLRQDFWLYLWLHVDQGWKHXVHRIQRQUHQHZDEOH
UHVRXUFHPDWHULDOVNHHSLQFUHDVLQJIURPWLPHWRWLPH,IWKLVWUHQGNHHSVFRQWLQXHGWKLVZLOOLQWHQVLI\HQYLURQPHQWDO
GHWHULRUDWLRQ DQG UHVRXUFHV VWUHVV7R VROYH WKLV SUREOHP WKH FRQVWUXFWLRQ VWDNHKROGHUV VKRXOG ILQG D ULJKWZD\V
VXFKDVXVLQJPDWHULDOVWKDWSURGXFHGIURPUHQHZDEOHUHVRXUFHVDQGOHVVHPERGLHGFDUERQGXULQJLWVOLIHF\FOH>@










FRQVWUXFWLRQ 7KH ::&3 DUH VXLWDEOH WR UHSODFH QRQ HFRIULHQGO\ PDWHULDOV VXFK DV EULFNV DQG RWKHU PDVRQU\
HOHPHQW>@
&XUUHQWO\ WKHUH LV DQ LQFUHDVLQJ LQWHUHVW LQ XVLQJ ::&3 DV D ZDOO HOHPHQW LQ VHYHUDO KRXVLQJ SURMHFWV LQ
0DOD\VLDDVVKRZQLQ)LJ7KLVZDVGULYHQE\WKHDGYDQWDJHVRIWKLVSDQHOVXFKDVHQYLURQPHQWDOIULHQGO\ORZ
HQHUJ\ FRQVXPSWLRQ OLJKWZHLJKW ORZFRVW DQG HDV\ WR SURFHVV DQG IDEULFDWH 'HVSLWH RI LWV DGYDQWDJHV WKH
























DO >@ H[SHULPHQWDOO\ LQYHVWLJDWHG WKH D[LDO SHUIRUPDQFH RI UHLQIRUFHG FRQFUHWH FROXPQZLWKZRRGZRRO FHPHQW
ERDUG::&%DVSHUPDQHQWIRUPZRUNDQGWKHUHVXOWVVKRZHGWKDWWKHFROXPQZLWK::&%SHUPDQHQWIRUPZRUN
LQFUHDVHGDERXWORDGFDUU\LQJFDSDFLW\RIWKHFROXPQ$KPDGHWDO>@IXUWKHULQYHVWLJDWHGWKHILUHUHVLVWDQFH
SHUIRUPDQFH RI UHLQIRUFHG FRQFUHWH FROXPQ HPEHGGHG ZLWK ::&% DV D SHUPDQHQW IRUPZRUN DQG WKH UHVXOW
LQGLFDWHG WKDW WKH LQVXODWLRQDQG LQWHJULW\RI FROXPQZLWK::&%DIWHU WZRKRXUV ILUH H[SRVXUHKDG VDWLVILHG WKH
UHTXLUHPHQWRI%63DUW)DWLKDK>@H[SHULPHQWDOO\LQYHVWLJDWHGWKHD[LDOFRPSUHVVLRQEHKDYLRXURI





RI WLPEHUIUDPHDQGGLDJRQDOFRUQHUEUDFLQJHIIHFWLYHO\LQFUHDVHGWKHODWHUDO ORDGFDSDFLW\RI WKHZDOOV+RZHYHU
WKH IUDPH IDLOXUHPRGHZDV REVHUYHG LQ WKLV VWXG\ GXH WRZHDNQHVV RI WKH IUDPH DQG WKHZHDNQHVV RI WKH MRLQW
EHWZHHQZDOOSDQHODQGIUDPH
0G1RK HW DO >  @ KDG SUHYLRXVO\ VWXGLHG WKH VWUXFWXUDO EHKDYLRXU RI PP [ PPZDOOHWWHV
FRQVWUXFWHGXVLQJZRRGZRROFHPHQWFRPSRVLWHSDQHOXQGHUD[LDODQGGLDJRQDOFRPSUHVVLRQORDGV7KHZDOOHWVZLWK
GLIIHUHQWIDEULFDWLRQWHFKQLTXHVSDQHOWKLFNQHVVERQGLQJDJHQWWKLFNQHVVSODVWHUHGDQGZLWKRXWVXUIDFHSODVWHUZHUH
LQYHVWLJDWHG 7KH UHVXOWV UHSRUWHG WKDW  WKH IDEULFDWLRQ WHFKQLTXH RI ZDOOHWWHV VLJQLILFDQWO\ LQIOXHQFHG WKH ORDG
FDUU\LQJFDSDFLW\RIZDOOHWWHV7KHZDOOHWWHVIDEULFDWHGZLWKFURVVODPLQDWHGWHFKQLTXHERQGHGZLWKPPPRUWDU
WKLFN VLJQLILFDQWO\ KLJKHU LQ ORDG FDUU\LQJ FDSDFLW\ FRPSDUHG WR ZDOOHWWHV IDEULFDWHG E\ YHUWLFDO VWDFNHG SDQHOV
%HVLGH RI WKDW WKH DSSOLFDWLRQ RI  PP VXUIDFH SODVWHU RQ ERWK VL]HV RI ZDOOHWV VLJQLILFDQWO\ JDYH DGGLWLRQDO
UHVWUDLQWWRWKHZDOOHWWHVWRUHVLVWWKHKLJKHUORDGV7KLVVWXG\LVDFRQWLQXDWLRQRIWKHSUHYLRXVVWXG\KRZHYHUWKH
ZDOOHWWHVVL]HKDGEHHQLQFUHDVHGWRPP[PPPP
7KHDLPRI WKLVVWXG\LV WR LPSURYHVXVWDLQDELOLW\ LQ WKHFRQVWUXFWLRQLQGXVWU\WKURXJKWKHGHYHORSPHQWRIQHZ
SUHIDEULFDWHG ZDOO FRQVWUXFWHG XVLQJ ZRRGZRRO FHPHQW FRPSRVLWH SDQHO ::&3 7KHUHIRUH WKH VWUXFWXUDO
SHUIRUPDQFHRIWKLVSUHIDEULFDWHGZDOOLVYHU\LPSRUWDQWFULWHULDDVWRGHYHORSDEHWWHUXQGHUVWDQGLQJRIWKHLUDFWXDO
EHKDYLRXU XQGHU LPSRVHG ORDG 7KH UHVXOWV REWDLQHG ZLOO SURYLGHG DGHTXDWH NQRZOHGJH WR WKH FRQVWUXFWLRQ
VWDNHKROGHUV RQ WKH SHUIRUPDQFH DQG VHUYLFHDELOLW\ RI WKLV SUHIDEULFDWHG ZDOO IRU IXUWKHU XVHG DV D SDUW RI
LQGXVWULDOL]HGEXLOGLQJV\VWHP












DUH VKRZQ LQ7DEOH ,Q WKHFXUUHQWFRQVWUXFWLRQSUDFWLFHXVLQJZRRGZRROSDQHO WKHZDOOVZHUHFRQVWUXFWHGE\
YHUWLFDOO\ VWDFNHG WKH SDQHO LQ UXQQLQJ ERQG DQG WR KROG WKH SDQHOV DW WKHLU SRVLWLRQ WKH VWHHO EDUVZHUH LQVHUWHG











'HQVLW\ %HQGLQJ3URSHUWLHV &RPSUHVVLYH6WUHQJWK 7HQVLOH6WUHQJWK
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    
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7DEOH6WUHQJWKSURSHUWLHVRI(0$&25PRUWDUPL[DWDJHRIGD\V>@
$SSOLFDWLRQRIPRUWDU 0RUWDUPL[UDWLR )OH[XUDO6WUHQJWK &RPSUHVVLYH6WUHQJWK
'U\PL[ZDWHU 1PP 1PP
$GKHVLYH   
3ODVWHU   
D E F
G
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)LJ0DQXIDFWXULQJSURFHVVRIZRRGZRROFHPHQWFRPSRVLWHSDQHO::&3>@
2.2. Fabrication of wallettes specimens 
,Q WKLV VWXG\ WZR W\SHV RI SDQHO DUUDQJHPHQW WHFKQLTXHV ZHUH FRQVLGHUHG LQ WKH IDEULFDWLRQ RI ZDOOHWWHV DQG
GHQRWHG DV: DQG: 7KH ZDOOHWWHV W\SH: LV WKH FXUUHQWO\ SUDFWLFHG WHFKQLTXH RI ZDOO FRQVWUXFWLRQ XVLQJ
::&3 LQ0DOD\VLD DQG WKHZDOOHWWHV W\SH: LV D QHZ WHFKQLTXH SURSRVHG IRU SUHIDEULFDWHGZDOO FRQVWUXFWLRQ
XVLQJ::&3
)RUZDOOHWWHVW\SH:WKHPPWKLFNRI::&3ZHUHXVHGDQGFXWLQWRWZREORFNVL]HVRIPP[PP









D&XWWLQJRIWLPEHUORJ E6KUHGGLQJDORJ F:RRGZRRO G0L[LQJSURFHVV
H)RUPLQJSURFHVV I3UHVVLQJSURFHVV J&XUULQJSURFHVV K6WRULQJ




PP [ PP 7KH FXW SDQHOV WKHQ KRUL]RQWDOO\ ODLG LQ WZR OD\HUV DW GLIIHUHQW SDQHO RULHQWDWLRQ  SDQHOV LQ
ORQJLWXGLQDOGLUHFWLRQDQGSDQHOVLQWUDQVYHUVHGLUHFWLRQWRIRUPPP[PPZDOOHWWHVDVVKRZQLQ)LJ
E7KH IURQWDQGEDFN OD\HUVRI WKHSDQHOVZHUHERQGHG WRJHWKHUXVLQJPP WKLFNQHVVRI(0$&25PRUWDU
SDVWH7KLVZDOOHWWHVFDQEHVHHQDVDVDQGZLFKSDQHOZKHUHWKH::&3DUHFRYHULQJVKHHWDQGWKHPRUWDUPL[LVWKH
FRUH%RWKZDOOHWWHVWKHQZHUHSODVWHUHGE\KDQGRQHDFKVXUIDFHZLWKPP(0$&25PRUWDUWKLFNQHVV%HIRUH
WHVWLQJ PP WKLFNQHVVRIPRUWDU FDSSLQJZHUHSURYLGHGRQ WRS DQGERWWRPRIZDOOHWWHV LQRUGHU WR HQVXUH WKH













2.3. Testing set-up and procedures 
,QWKHD[LDOFRPSUHVVLRQORDGWHVWDWRWDORIVL[SODVWHUHGZDOOHWWHVZHUHSUHSDUHGDFFRUGLQJO\DQGWHVWHGDIWHU
GD\VRIIDEULFDWLRQ7KHZDOOHWWHVZHUHFDUHIXOO\SODFHGRQDWHVWLQJULJDVVKRZQLQ)LJ7KHN1K\GUDXOLF































































:DOOW\SHV :DOOUHIHUHQFH 0D[LPXPORDG 9HUWLFDOGLVSODFHPHQW /DWHUDOGLVSODFHPHQW 0D[LPXPORDG0HDQ
  (kN) (mm) Left (mm) Right (mm) (kN) 
: :±$   YH YH 
 :±$   YH YH
 :±$   YH YH
: :±$   YH YH 
 :±$   YH YH






)URP WKH 7DEOH  LW FDQ EH VHHQ WKDW WKH KLJKHVW PD[LPXP D[LDO ORDG RI ZDOOHWWHV: ZDV UHFRUGHG IURP
ZDOOHWWHV:$ZKLFKDFKLHYHG LWVPD[LPXPDSSOLHG ORDGDWN1DWDYHUWLFDOGLVSODFHPHQWRIPP
7KHQLWZDVIROORZHGE\WKH:$ZKLFKIDLOHGDWDQDSSOLHGORDGRIN1DWDYHUWLFDOGLVSODFHPHQWRI
PPDQG WKH ORZHVWD[LDOFRPSUHVVLRQ ORDGZDV UHFRUGHGIRUZDOOHWWHV:$ZKHUH IDLOHGDW WKHDSSOLHG ORDGRI
N1DWDGLVSODFHPHQWRIPP%DVHGRQWKHUHVXOWVRIWKUHHUHSOLFDWHVRIZDOOHWWHVW\SH:WKHDYHUDJH
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N1DWDYHUWLFDOGLVSODFHPHQWRIPPIRUZDOOHWWHV:$7KHDYHUDJHRID[LDOFRPSUHVVLRQORDGFDSDFLW\DQG
YHUWLFDOGLVSODFHPHQWRIWKLVW\SHRIZDOOHWWHVZHUHN1 DQGPPUHVSHFWLYHO\
$V SUHIDEULFDWLRQ V\VWHP WKH ZRRGZRRO FHPHQW FRPSRVLWH SDQHO ZDOO VKRXOG KDYH DGHTXDWH ORDG FDUU\LQJ
FDSDFLW\GXULQJWUDQVSRUWDWLRQIURPIDFWRU\WR WKHFRQVWUXFWLRQVLWHHUHFWLRQSURFHVVDQGVHUYLFH%DVHGRQUHVXOWV
REWDLQHG ERWK RIZDOOHWWHV: DQG:KDYH WKHLU RZQ FDSDFLW\ WR UHVLVW WKH LPSRVHG ORDGV HYHQ WHVWHGZLWKRXW
VWUXFWXUDO IUDPH 7KH FRPSUHVVLRQ VWUHQJWK RIZDOOHWWHV: VXSSRUWLQJ FRQFHQWUDWHG ORDG FDQ EH DV KLJK DV 
N1PZLGWKDQGLQFUHDVHGWRN1PIRUZDOOHWWHV:7KHVHVKRZWKDWWKHWHVWHGZDOOHWWHVKDYHWKHSRWHQWLDOWR
EHXVHGDVSUHIDEULFDWHGORDGEHDULQJZDOOV\VWHPLQKRXVLQJDQGPHGLXPULVHEXLOGLQJ7KHUHVXOWVDOVRLQGLFDWHG
WKDW WKHSDQHODUUDQJHPHQWDWGLIIHUHQWRULHQWDWLRQVZDOOHWWHV:VLJQLILFDQWO\ LQFUHDVHGVWDELOLW\RISDQHO MRLQWV
DQGSUHYHQWWKHZDOODWWHV:DJDLQVWEXFNOLQJDQGWKXVFRQVHTXHQWO\LQFUHDVHGD[LDOORDGFDSDFLW\DSSUR[LPDWHO\
DERXW WZRWLPHVFRPSDUHG WRZDOOHWWHV:%HVLGHRI WKDW WKHDSSOLFDWLRQRIPPRIPRUWDUPL[DVDERQGLQJ
DJHQWWRFURVVODPLQDWHWZROD\HUVRIPP::&3ZDVVLJQLILFDQWO\LQFUHDVHGWKHVWLIIQHVVRIZDOOHWWHV:GXHWR
WKHKDUGHQHGPRUWDUEHKDYHVLPLODUO\OLNHFRQFUHWHZKLFKLVYHU\VWURQJLQFRPSUHVVLRQ






RI  WKH SDQHO QHDU  WKH EHG MRLQW 7KLV VKRZ WKDW WKHZHDNQHVV RI WKLV W\SH RIZDOOHWWHV : LV WKH FRQQHFWLRQ
EHWZHHQVWDFNHGSDQHOVHYHQWKHUHZHUHVWHHOEDUVLQVHUWHGDQG8QDLOVIL[HGDWFRQQHFWLRQSDUWV)RUZDOOHWWHV:
WKH IDLOXUHPRGHZDVREVHUYHGE\ WKH IRUPDWLRQRI  VKHDU FUDFNVRQ WKH FURVV VHFWLRQRI WKHPP WKLFNSDQHO
:KHQWKHDSSOLHGORDGZDVIXUWKHU LQFUHDVHGWKHFUDFNSURSDJDWHVDORQJWKHKHLJKWRIZDOOHWWHVDQGWKHSDQHOVWDUWHG

















FRQVWUXFWLRQ SURFHVV XVLQJ ZRRGZRRO FHPHQW FRPSRVLWH FRPSDUHG WR FXUUHQWO\ LQVWDOODWLRQ WHFKQLTXH






ODPLQDWHGZRRGZRROSDQHOZLWKPPPRUWDU WKLFNQHVVDV DERQGLQJDJHQW VLJQLILFDQWO\ LQFUHDVHG WKH
VWDELOLW\DQGORDGFDUU\LQJFDSDFLW\RIWKLVSUHIDEULFDWLRQV\VWHP

















 0DQDOR$ 6WUXFWXUDOEHKDYLRXURI DSUHIDEULFDWHGFRPSRVLWHZDOO V\VWHPPDGH IURP ULJLGSRO\XUHWKDQH IRDPDQG0DJQHVLXP2[LGH
ERDUG&RQVWUXFWLRQDQG%XLOGLQJ0DWHULDOV±
 0RKDPDG 1 2PDU: $EGXOODK 5 -DIQL - $Q ([SHULPHQWDO 6WXG\ RI /RDG &DUU\LQJ &DSDFLW\ RI 3UHFDVW /LJKWZHLJKW )RDPHG




















:DOOHWWHV &RQIHUHQFH 3URFHHGLQJ RI UG ,QWHUQDWLRQDO &LYLO DQG ,QIUDVWUXFWXUH (QJLQHHULQJ &RQIHUHQFH ,1&,(&  6KDK $ODP
6HODQJRU0DOD\VLD±6HSWHPEHU
